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Introduction
Non-thermal atmospheric pressure plasmas have a wide range of applications, including surface modification [1] , chemical conversion and synthesis [2] , sterilization and wound healing [3, 4] . They do not require a complicated vacuum system, which makes them cheaper and more practical. However, this inevitably means that the plasma is in contact with air. Even when the plasma is created inside a jet of a controlled gas (usually argon), there will always be a finite amount of air entrainment into the plasma. This significantly increases the complexity of the plasma physics and chemistry. The focus of this paper is the air entrainment into an atmospheric pressure plasma jet.
In addition to the increased complexity another problem in the diagnostics of atmospheric pressure plasmas is their size. Many plasma jets have typical radial sizes of less than 1 mm, and these microplasmas consequently have steep gradients. This requires a very high spatial resolution in the measurements.
We use laser scattering, as this diagnostic is a good candidate for obtaining these high spatial resolutions. The laser can be focused to a small spot, and one does not have to worry about line-of-sight problems, as in optical emission spectroscopy. The different species in the plasma, such as electrons and heavy particles, are probed directly by the laser, providing a reliable method for measuring densities and temperatures. This was shown recently for these non-thermal plasmas by Palomares et al [5] .
Three types of laser scattering can be distinguished. First, Rayleigh scattering, the elastic scattering of photons on electrons bound to heavy particles, is used to measure the gas temperature T g [5] [6] [7] [8] . Second, Thomson scattering, the elastic scattering on free electrons, is employed to measure the electron density n e and electron temperature T e [5, [7] [8] [9] [10] . And third, Raman scattering, inelastic scattering on molecules such as O 2 and N 2 , which gives the molecular densities n O 2 and n N 2 and the rotational temperature T rot [11, 12] . Moreover, Raman scattering will also be used for calibration [5] . 0963 -0252/12/015003+09$33.00
In order to measure the Thomson signal, care must be taken to filter out the much stronger Rayleigh signal. An established method is to do this optically with a triple grating spectrometer (TGS), which acts as a notch filter to remove the Rayleigh signal.
The Raman signal and the Thomson signal cannot be separated with a TGS, because their spectra cover the same spectral range. Consequently, laser scattering is mostly applied in situations where there is either scattering on electrons (Thomson scattering), or on molecules (Raman scattering), not both. The problem of measuring a Thomson signal in Raman active plasmas has been recognized by Narishige et al [13] . Their spectral resolution was not sufficient to resolve the rotational lines of the Raman spectrum. Therefore, they could not distinguish between the Raman and the Thomson signal directly. Instead they isolated the Thomson signal from the Raman signal using the differences in the scattering characteristics depending on the scattering wavelength and scattering geometry. This method requires a flexible setup to measure at different laser wavelengths and scattering angles. When using a TGS this is experimentally difficult because a TGS is generally designed for one particular laser wavelength, and is also not easily movable. Furthermore, the information about the plasma in the Raman signal is not utilized.
We present a new method for disentangling the contributions of Thomson and Raman scattering to the measured signal with a newly designed fitting procedure. From a single measurement we can obtain spatially resolved n e and T e from the Thomson signal, and n O 2 , n N 2 and T rot from the Raman signal. Using this method we show new measurements of Rayleigh, Thomson and Raman scattering of an atmospheric pressure microwave plasma jet, with a spatial resolution of 50 µm.
In the next section we describe in detail the different types of laser scattering. In section 3 the experimental setup and the fitting method are discussed, followed by the results in section 4. The applicability and limitations of the technique are discussed in section 5. The last section contains a small summary.
Laser scattering
When a laser beam is guided through a plasma and the scattered light is detected, the measured scattered power per unit of wavelength P λ 1 can in general be given by [14, 15] 
where f is a constant factor that takes into account the efficiency of the optics and camera, L the length of the detection volume along the laser path, P i the incident laser power, the solid angle of detection, n the density of the scattering particle, and dσ/d the differential cross section. The factor S λ (λ) includes the spectral distribution as a function of wavelength, which consists of the instrumental profile (in 1 The subscript λ denotes that the quantity is per unit of wavelength. The wavelength integrated value is written without subscript, so P = P λ dλ. the case of Rayleigh and Raman scattering), or a broadened line profile (in the case of Thomson scattering). It is normalized such that S λ (λ)dλ = 1.
Rayleigh scattering
The Rayleigh scattering signal is proportional to the density of heavy particles n h , which, by applying the ideal gas law p = n h k B T g , is inversely proportional to the gas temperature T g at constant given pressure p. To find an absolute T g , the measurement must be calibrated with a reference measurement at known temperature T ref , so
where P plas and P ref are the wavelength integrated scattered power of the Rayleigh signal of the plasma and the reference measurement, respectively. The differential cross section dσ ray /d for Rayleigh scattering depends on the species [16] , which means that the reference measurement should in principle be done with the same gas composition. In our experiments we made reference measurements with the gas flow on, and the plasma off, assuming room temperature. The cross sections of argon and air are very similar: 5. [17] . A small change in the gas composition is therefore not critical.
Rayleigh scattering has a negligible broadening compared with the instrumental profile of the spectrometer, so that S λ (λ) is equal to the instrumental profile.
Thomson scattering
The Thomson signal is Doppler broadened due to the velocity of the electrons. Thomson scattering is incoherent if the scattering parameter α 1 [15] . In our case with T e ≈ 2 eV and n e ≈ 10 20 m −3 as typical conditions, α ≈ 0.06, which means that the scattering can be considered incoherent. With incoherent Thomson scattering and a Maxwellian velocity distribution, this leads to a Gaussian profile centred at the laser wavelength λ i [15] ,
where λ is the 1/e width of the Gaussian profile. λ can be related to T e with [7, 15] ,
for a perpendicular scattering angle. In this equation m e is the electron mass, c the speed of light and k B the Boltzmann constant.
For perpendicular Thomson scattering the differential cross section is [15] dσ th d = r 2 e (5) with r e = 2.818 × 10 −15 m the classical electron radius. To determine the electron density n e with equation (1), the measurement must be absolutely calibrated (i.e. f LP i must be determined). This is done by means of Raman scattering on ambient air at atmospheric pressure and room temperature.
Rotational Raman scattering
In Raman scattering the scattered wavelength changes due to an associated transition in the rotational or vibrational state of a molecule. Because of the range of our spectrometer we consider only rotational Raman scattering. The following is described in detail by Penney et al [18] and Van de Sande [15] .
The transitions from rotational quantum number J to J lead to peaks in the spectrum at different wavelengths:
where h is Planck's constant and B the rotational constant which is species dependent (table 1). The allowed transitions are those given by J = J + 2 (Stokes) and J = J − 2 (anti-Stokes). The (wavelength integrated) scattered power of each peak is proportional to the product of density and the corresponding differential cross section, that is
The differential cross section for perpendicular scattering can be written as
with 0 the vacuum permittivity, γ 2 the anisotropy of the molecular-polarizability tensor (see table 1 ) and b J →J the Placzek-Teller coefficients, given by
We assume that the density of states J follows a Boltzmann distribution depending on the rotational temperature T rot , such that
with n mol the molecular density, g J the statistical weight factor (table 1) , and Q the partition sum that can be approximated by
Here I is the nuclear spin quantum number (table 1) .
Following equation (1) the total measured Raman spectrum is given by
Under our experimental conditions the broadening of the rotational lines is negligible compared with the instrumental broadening. Therefore, in this case S λ (λ−λ J →J ) can be taken equal to the instrumental profile, centered at λ J →J .
Experiment
We used a microwave surfatron operating at a frequency of 2.45 GHz to create a plasma in a ceramic tube (Al 2 O 3 ) with an inner diameter of 0.8 mm, ending in air (see figure 1) . Through the tube argon is flushed with a flow rate of 1.0 slm, which results in a flow speed of 33 m s −1 . The flow can be characterized by a Reynolds number with a value of about 2000. This means that inside the tube the flow is expected to be laminar, but in the jet turbulent structures appear as a result of Kelvin-Helmholtz instabilities [20] .
The same setup was used by Palomares et al [5] , with the difference that in our case the surfatron launcher is cooled with a flow of 20 slm of air around the tube (figure 1).
The microwave generator produces a forward power of 50 W. However, the actual power absorbed by the plasma is less, which can be deduced from the fact that the surfatron launcher needs cooling. A considerable fraction of the power is dissipated in the launcher, and not in the plasma.
The laser scattering is done by focusing a pulsed laser inside the plasma. The laser (Edgewave IS6II-E) is a Nd : YAG laser operating at 532 nm. It has a pulse energy of 4 mJ and a repetition rate of 4 kHz. The scattered light is collected perpendicularly by two lenses that image the laser beam onto the entrance slit of a TGS. See also figure 1.
The entrance slit of the TGS is mounted horizontally, followed by a rotator to rotate the image to the vertical plane. The TGS essentially consists of two parts: the first part, consisting of the first and second grating (1800 grooves mm −1 ) together with a mask, forms a notch filter to remove the central laser wavelength from the spectrum. An intermediate slit removes stray light caused by diffraction of the mask. At the same time this slit forms the entrance slit of the second part of the TGS, the spectrometer. The third grating (identical to the other two gratings) forms a spectrum that is focused onto an Andor DH534 iCCD camera. The optics in the TGS are designed such that the light onto the iCCD is a 1 : 1 image of the laser beam.
The mask is needed for Raman and Thomson measurements, to eliminate the much stronger Rayleigh signal and false stray light. To remove the false stray light even more, a blackened box is built around the TGS, and black screens are placed between the light paths.
When the mask is removed, the TGS acts as a normal spectrometer. This setting is used to measure the Rayleigh signal.
The spatial resolution along the laser beam is limited by the optics inside the TGS and is about 50 µm. Perpendicular to the laser beam the spatial resolution is determined by the beam waist, and is about 100 µm. The spectral resolution of the detection system is about 0.12 nm FWHM. The linewidth of the laser is 24 pm, which is much smaller.
Fitting procedure
Rayleigh scattering measurements (TGS without mask) are done separately, and since the signal has negligible broadening, there is no information about the plasma in the wavelength distribution. To find P plas and P ref , first the signal background is subtracted, then the spectrum is simply integrated. Since T ref is known (room temperature), T g can be calculated using equation (2) .
In combined Thomson and Raman measurements (TGS with mask) we distinguish three contributions: due to Thomson scattering, Raman scattering on N 2 and Raman scattering on O 2 . Under our experimental conditions, these contributions have similar intensities, and their spectra overlap. With specially designed software, written in Matlab ® , we are able to fit these overlapping signals, and separate them.
To do the fitting we calculate the theoretical spectra as explained in section 2. The Rayleigh signal provides a suitable instrumental profile. The Raman spectra are thus calculated using equation (12) with S λ (λ − λ J →J ) the normalized measured Rayleigh signal. The instrumental broadening is assumed to have a negligible effect on the Thomson signal, so no convolution is applied to the Thomson spectrum. The three contributions-Thomson, N 2 -Raman and O 2 -Ramanare calculated separately and summed. Also a constant background C is added. So for the total signal
The experimental data is corrected for imaging errors of the TGS. The fitting of P λ,total is done by calculating the least square difference using the Matlab function fminsearch, which makes use of a multivariable search method by Lagarias et al [21] . Instead of using the parameters p N 2 and p O 2 , it is more convenient to use the partial air pressure p N 2 + p O 2 , and the mixing ratio p N 2 /p O 2 as fit parameters. The total number of fit parameters is 6: n e , T e , T rot ,
To obtain absolute values of the pressure and densities, the signal must be absolutely calibrated. This is done by fitting a Raman spectrum of ambient air without plasma. In this case the temperature is fitted and the air pressure is known (10 5 Pa), and the experimental factors f LP i can be calculated.
Results
The Rayleigh measurement of the plasma and the reference measurement without plasma are shown in figure 2 . The images are accumulated over 8000 laser shots (2 s) and show spectral information along the horizontal axis, and spatial information along the vertical axis. The spectrum is peaked at the laser wavelength. In the radial direction (along the laser beam) the reference measurement shows almost no variation. This is due to the fact that the differential cross sections of argon and air are similar. In the measurement with plasma the signal decreases in the center due to higher temperatures. T g is calculated at different radial positions, and is shown below in figure 13 . The spectrum of the reference signal is used as instrumental profile in the fitting of the Raman spectra. Figure 3 shows the iCCD image of a combined Raman and Thomson scattering measurement, taken at 1 mm from the tube end. The image is accumulated over 2 × 10 6 laser shots (10 min). In the center at 532 nm the part of the spectrum at the laser wavelength is missing due to the filtering of the TGS. Each horizontal cross section in the image gives a Raman or Thomson spectrum at different radial positions along the laser beam.
The horizontal cross section indicated with A at 0.9 mm radial position is shown in figure 4 . This part is outside the plasma and outside the argon flow, and shows Raman scattering of ambient air and at atmospheric pressure. The fitted temperature of 308 K corresponds well to the room temperature (295 K), and the fitted N 2 /O 2 value accurately matches the standard air conditions. The fit is used for absolute calibration. Since the measurement is taken near the tube end there is only very little air entrainment into the flow. This is visible in the center of the argon flow due to the absence of a Raman signal. Instead a clear Gaussian Thomson signal is visible. This is shown in figure 5 , which corresponds to the center of the plasma at cross section B. The central part of the spectrum is removed by the mask of the TGS. This part at the laser wavelength is excluded from the fitting.
Another iCCD image, taken further downstream at an axial position of 4.75 mm from the tube end, is shown in figure 6 . In this image the air has penetrated into the argon flow, causing an overlapping Raman and Thomson signal in the center of the plasma. Cross section C corresponding to the center of the plasma is shown in figure 7 , with a fit of the Raman and Thomson signal. Similar fits are made at different cross sections of figure 6, at 4 pixels distance and each with 4 pixels binning. This corresponds to the maximum spatial resolution of the system of about 50 µm. The electron densities and temperatures obtained by these fits are shown in figure 8 . According to the Thomson signal the plasma has a width of about 0.4 mm.
Toward the edge n e decreases, while T e increases (this is discussed further in section 5.2). Figures 9 and 10 show 2D plots of radial profiles at different axial positions. Figure 9 suggests that n e has a maximum axially at about 2 mm from the tube end. However, this is an artifact which most likely can be explained by random movement of the plasma that can be seen by eye. The plasma width is about half the tube size, and close to the tube the plasma moves around in the flow. Further downstream, however, the plasma is more stabilized in the center of the argon flow. This means that close to the tube the plasma appears wider with lower n e , but in fact it is an average of the moving plasma. The partial pressure p N 2 +O 2 and the N 2 /O 2 ratio are shown in figure 11 . In the center it equals 9.7 × 10 3 Pa, which corresponds to 9.7vol%. The N 2 /O 2 ratio fits very constantly to (79.9/20.1 ± 0.6)% for each radial position. This means that the mixing ratio N 2 /O 2 seems not to be influenced by the plasma. Figure 12 shows a 2D profile of the partial air pressure.
The temperatures determined by Rayleigh and Raman scattering are shown in figure 13 , and 2D profiles in figure 14 . Although in principle these represent two different temperatures-translational temperature of heavy particles (gas temperature) and rotational temperature of N 2 and O 2 -they are often assumed to be equal at atmospheric pressure. Outside the plasma T rot and T g indeed match, but as the air concentration decreases toward the plasma center, T rot is lower than T g . It must be noted that the fitting method for Raman scattering yields a poor accuracy of T rot in the cases with only a few percent of air. Nevertheless the measured difference between T g and T rot seems to be in some cases larger than the error of the fitting ( figure 13) .
A number of cases where T rot < T g have been observed earlier. In CO it has been reported by Zikratov et al [22] , where ro-vibrational coupling of excited states of CO can lead to distortions of the rotational distributions. Another example is the ro-vibrational distribution of H 2 in cascaded arc plasmas as investigated by Gabriel et al [23] . Low T rot has been found for ground state H 2 , HD and D 2 , probably due to association processes. Similar effects could be present in our case.
Discussion

Losses of vibrational ground state molecules
In the above treatment of Raman scattering the assumption has been made that all molecules are in the lowest vibrational state, and that there is no temperature dependence of the vibrational state distribution. In the case this assumption is not met, this would lead to a loss of molecules toward higher vibrational states, and thus to an underestimation of the molecular density. The ratio of the number of molecules n in the vibrational level ν = 1 and ν = 0 is given by [19] 
where E 10 is the energy of the first vibrational band (1-0) (see table 1 ). For T vib = 1200 K (about twice the maximum gas temperature) this results in an underestimation of the N 2 and O 2 density of 6% and 15%, respectively. Due to the difference between N 2 and O 2 the N 2 /O 2 mixing ratio (normally 80/20%) would change to 81.6/18.4%. We do not observe such a change, which leads to the assumption that the vibrational temperature is lower and the vibrational loss is less. Indeed this is likely in our continuous discharge, as Filimonov et al [24] showed that exchange of rotational and vibrational energy happens on timescales of 10 µs for the ground state of N 2 . In our case the rate will be even faster, since the plasma operates at atmospheric pressure, and with higher n e . The underestimation of the partial pressure then falls within the error margin (of about 10%, see figure 11 ), so we can in first approximation ignore this effect.
T e increase at the edge
Radially at the edge of the plasma and axially at the end of the plasma n e decreases and T e increases. This has been observed previously by Palomares et al in a similar atmospheric pressure jet [5] , as well as in a low pressure microwave plasma [25] . Jonkers et al [26] have studied the effects of air entrainment on n e and T e in an atmospheric pressure plasma torch of argon. It was found that when operating the plasma torch in an air environment the size is smaller (n e decreases more rapidly at the edges) and T e is higher than when the plasma operates in a pure argon environment. Indeed the 2D profiles in figures 9, 10 and 12 show that n e decreases and T e increases where p N 2 +O 2 increases.
Experimental detection limits
The lowest electron density at which pure Thomson scattering can be applied in these types of atmospheric plasmas is about 5 × 10 18 m −3 , mostly limited by the background signal caused by plasma emission and false stray light. This limit is higher than in the case of low pressure due to the fact that the plasma is smaller and the gradients in n e and T e are higher, so that only a small part of the iCCD is used for the actual plasma signal. At the same time the plasma emission and the Rayleigh signal are stronger, causing more background noise.
The lower limit for Raman scattering in atmospheric pressure plasmas is determined by the noise level due to the plasma background, which was found to correspond to an air percentage of about 1vol%. To determine the limit of the described fitting method we compare the maximum intensities of the Thomson and the Raman signals. To have reliable values for the fitting parameters from both signals, the weakest signal of the two must be at least 10% of the strongest. This means that in a plasma with 10% air the lower limit for Thomson scattering is at about n e = 3 × 10 19 m −3 . For n e = 10 21 m −3 the lower limit for measuring Raman scattering is about 3%. The range in which Raman and Thomson scattering can be applied is illustrated in figure 15 . Note that this figure only gives an indication, since these limits depend on other plasma parameters such as T rot and T e . Also the limits depend on experimental values such as the noise level and instrumental profile, which are specific for the setup.
Conclusion
The method presented in this paper makes it possible to acquire temperatures and densities of electrons and molecules from Thomson and Raman scattering experiments in Raman active gasses. This considerably increases the parameter space in which these methods can be applied. It is shown that it is possible to measure profiles with a high spatial resolution of 50 µm of n e , T e , n N 2 , n O 2 and T rot simultaneously and including absolute calibration in one single measurement.
Electron densities in the range 10 19 -10 21 m −3 are measured for air concentrations of 1-10% in argon in an atmospheric non-thermal microwave plasma jet.
